Epstein-Barr virus (EBV) is a ubiquitous human herpesvirus associated with many malignant and nonmalignant human diseases. Life-long latent EBV persistence occurs in blood-borne B lymphocytes, while EBV intermittently productively replicates in mucosal epithelia. Although several models have previously been proposed, the mechanism of EBV transition between these two reservoirs of infection has not been determined. In this study, we present the first evidence demonstrating that EBV latently infects a unique subset of blood-borne mononuclear cells that are direct precursors to Langerhans cells and that EBV both latently and productively infects oral epithelium-resident cells that are likely Langerhans cells. These data form the basis of a proposed new model of EBV transition from blood to oral epithelium in which EBV-infected Langerhans cell precursors serve to transport EBV to the oral epithelium as they migrate and differentiate into oral Langerhans cells. This new model contributes fresh insight into the natural history of EBV infection and the pathogenesis of EBV-associated epithelial disease.
Epstein-Barr virus (EBV) is a ubiquitous human herpesvirus associated with many malignant and nonmalignant human diseases. Life-long latent EBV persistence occurs in blood-borne B lymphocytes, while EBV intermittently productively replicates in mucosal epithelia. Although several models have previously been proposed, the mechanism of EBV transition between these two reservoirs of infection has not been determined.
In this study, we present the first evidence demonstrating that EBV latently infects a unique subset of blood-borne mononuclear cells that are direct precursors to Langerhans cells and that EBV both latently and productively infects oral epithelium-resident cells that are likely Langerhans cells. These data form the basis of a proposed new model of EBV transition from blood to oral epithelium in which EBV-infected Langerhans cell precursors serve to transport EBV to the oral epithelium as they migrate and differentiate into oral Langerhans cells. This new model contributes fresh insight into the natural history of EBV infection and the pathogenesis of EBV-associated epithelial disease.

Epstein-Barr virus (EBV) is a human herpesvirus that ultimately infects 95% of adults worldwide. EBV is transmitted via mucosal fluids and establishes life-long persistent infection.
Although persistent infection is asymptomatic in most people, EBV is associated with benign syndromes, including infectious mononucleosis and oral hairy leukoplakia, and a wide variety of both lymphoid and mucosal epithelial malignancies. Persistent latent EBV infection occurs in memory B lymphocytes that circulate in blood (22) . While latent EBV infection also occurs in some epithelial malignancies (29) , EBV infection of epithelial cells typically results in productive replication, as demonstrated in oral hairy leukoplakia (9) and in normal oral epithelium (8, 10, 48) .
Three different models have previously been proposed to explain the transition of EBV from the latent reservoir of infection in blood-borne B lymphocytes to sites of productive replication in oral epithelium. Model 1 proposes that B lymphocytes carrying latent EBV infection migrate from the blood to the epithelium, where the EBV reactivates and infects adjacent epithelial cells (12) , but evidence of intraepithelial B lymphocytes in normal oral epithelium or in oral hairy leukoplakia is lacking (30, 33) . Model 2 proposes that EBV virions produced by B lymphocytes in the oral submucosa bind submucosal EBV-specific dimeric immunoglobulin A (IgA) and enter basal oral epithelial cells by endocytosis via the polymeric Ig receptor (37) , but the polymeric Ig receptor is not expressed in oral epithelium (23) . Model 3 proposes that EBV virions produced by B lymphocytes in oral lymphoid tissues (26) gain access to and infect middle-and upper-layer oral epithelial cells as a result of microscopic traumatic epithelial injury, such as that which occurs during mastication. However, this model is contradicted by evidence that EBV transitions into oral epithelium as cell-associated latent infection and that EBV reactivates from a persistent latent oral mucosal source to productively replicate in the oral epithelium (44, 47, 50) .
We now propose a fourth model of EBV transition from blood into oral epithelium. Langerhans cells (LC) are dendritic antigen-presenting cells that reside in the basal and suprabasal layers of cutaneous and mucosal epithelia. Bone marrow-derived LC precursor cells (pre-LC) circulate in the blood before they migrate into epithelia and differentiate into LC (4) . We hypothesized that EBV latently infects blood-borne pre-LC and that these EBV-infected pre-LC serve as transporters of the EBV as they migrate and differentiate into epitheliumresident LC. EBV reactivation in oral LC could infect adjacent epithelial cells that could result in productive EBV replication in the epithelial cells. In this study, we present evidence demonstrating that blood-borne pre-LC are latently infected with EBV and that oral epithelium cells likely to be LC harbor EBV infection that can reactivate into productive EBV replication.
MATERIALS AND METHODS
Human research subjects and tissue specimens. Human experimentation research was approved by the University of Texas Medical Branch at Galveston Institutional Review Board and the University of Texas Health Science Center at Houston Committee for the Protection of Human Subjects. Informed consent was obtained from each research subject. Subjects were either healthy individuals or patients infected with human immunodeficiency virus (HIV), with or without AIDS. Tissue specimens obtained included 100 ml of venous blood, tongue and buccal mucosal epithelium cells collected by nonsurgical oral epithelial brush biopsy (45) , and tongue and buccal mucosal tissue collected by surgical excisional biopsy (44, (46) (47) (48) 50) . Some subjects contributed specimens more than once, and the numerical identity of each subject was maintained throughout the study.
Isolation of pre-LC from blood. Mononuclear cells were isolated from anticoagulated whole blood by density gradient centrifugation with Ficoll-Hypaque and washed and suspended in phosphate-buffered saline. The major cell subsets were then removed from the mononuclear cell population with mouse monoclonal antibodies against defining human cell surface molecules, followed by magnetic separation with sheep monoclonal antibody against mouse IgG conjugated to magnetic microbeads (Dynabeads; Dynal Biotech, Oslo, Norway) in the following sequence: T lymphocytes (Table 1 , antibody 1), B lymphocytes (Table 1, antibody 2), and monocytes (Table 1, antibody 3) . Finally, the CD1a ϩ cells were positively selected and isolated from the remaining mononuclear cells by using anti-CD1a antibody (Table 1 , antibody 4) and magnetic separation with magnetic microbeads (CELLection Pan Mouse IgG Kit; Dynal Biotech, Oslo, Norway) and then released from the microbeads with DNase I. Cells were maintained at 4°C throughout the procedure.
Isolation of LC from oral epithelium. Cells obtained with the oral epithelial biopsy brush were suspended and washed in phosphate-buffered saline. CD1a ϩ cells were positively selected and isolated from the total cell population by using anti-CD1a antibody (Table 1 , antibody 4) and magnetic separation with magnetic microbeads (CELLection Pan Mouse IgG Kit; Dynal Biotech, Oslo, Norway) and then released from the microbeads with DNase I and 0.25% trypsin. Cells were maintained at 4°C throughout the procedure.
Histologic and molecular characterization of oral surgical biopsy tissues. One half of each surgical biopsy specimen was formalin fixed and paraffin embedded. Tissue sections were placed on positively charged glass slides, stained with hematoxylin and eosin, and examined by an oral and maxillofacial pathologist. Specimens were classified as oral hairy leukoplakia if they demonstrated hyperparakeratosis, acanthosis, "koilocyte"-like cells, nuclear chromatin margination, and molecular evidence of productive EBV replication. The other half of each surgical biopsy specimen was frozen, processed for nucleic acid extraction, and analyzed by reverse transcription (RT)-PCR for CD19, CD45, and EBV gene expression by using a previously validated molecular definition of productive EBV replication (45) (46) (47) (48) 50) .
Culture of LC and chemical induction of EBV. CD1a ϩ cells were cultured in RPMI 1640 medium with 15% fetal bovine serum, penicillin, streptomycin, and amphotericin B at 37°C in a 5% CO 2 atmosphere. Induction of EBV replication was achieved by adding 30 ng/ml phorbol 12-myristate 13-acetate (MP Biochemicals, Irvine, CA), sodium n-butyrate (Sigma-Aldrich, St. Louis, MO) to a 3 mM final concentration, and 50 g/ml 5-iodo-2Ј-deoxyuridine (Sigma-Aldrich, St. Louis, MO) to the medium and incubating it for 48 to 72 h.
Fluorescent immunostaining of cell surface markers. CD1a ϩ cells were stained with fluorochrome-conjugated monoclonal antibodies against cell surface molecules (Table 1, antibody 5 to 14) . Appropriate fluorochrome-conjugated isotype control antibodies were used. After staining, cells were fixed in 4% paraformaldehyde and cell staining was analyzed with a FACSort flow cytometer with CellQuest software (Becton Dickinson, San Jose, CA) or by imaging on a Zeiss LSM 510 UV META laser scanning confocal microscope.
Limiting-dilution PCR analysis of EBV infection. For each subject, DNA purified from a known number (x) of CD1a ϩ cells was serially diluted into four sets of 9 or 10 tubes, each tube with the following quantity of DNA: set 1, 0.075 ϫ x cells; set 2, 0.025 ϫ x cells; set 3, 0.0075 ϫ x cells; set 4, 0.0025 ϫ x cells. The DNA in each tube was then amplified by nested PCR to detect a single-copy sequence present in the EBV gene for BALF1 (Table 2 ). Forty cycles each were performed for the initial reaction with Pfu Turbo Hotstart DNA polymerase (Stratagene, La Jolla, CA) and for the nested reaction with Vent DNA polymerase (New England BioLabs, Beverly, MA). Amplified products were identified by agarose gel electrophoresis and Southern blot hybridization to an internal 32 Plabeled oligonucleotide probe as those products consistent with the predicted size. The sensitivity of this PCR assay was one copy of the target EBV DNA sequence. Standard techniques were used to prevent and detect in vitro contamination of the amplification reaction mixtures. The fraction of negative tubes from each set was plotted on a semilog graph versus the number of cells represented by the DNA added to each tube of the set. The number of cells represented by the line crossing the 37% EBV-negative point was taken as the number of CD1a ϩ cells harboring a single EBV genome in vivo for each subject. Pooled ϩ cells was synthesized into cDNA with an oligo(dT) primer and an EBER-1 gene-specific primer and then amplified in a multiplexed nested PCR assay that simultaneously detects seven different EBV gene sequences (Table 3) . Forty cycles each were performed for the initial reaction with Pfu Turbo Hotstart DNA polymerase (Stratagene, La Jolla, CA) and the nested reaction with Vent DNA polymerase (New England BioLabs, Beverly, MA). Amplified products were identified by agarose gel electrophoresis and Southern blot hybridization to an internal 32 P-labeled oligonucleotide probe as those products consistent with the predicted size. Standard techniques were used to prevent and detect in vitro contamination of the amplification reaction mixtures. (Table 4) . Slides were washed at 55°C in a stringent wash solution (PNA ISH Detection Kit; DakoCytomation, Carpinteria, CA) for 30 min and then blocked with 20% goat serum. Hybridization was detected with biotin-conjugated goat antibodies against FITC and rhodamine (Table 1 , antibodies 15 to 16) and binding to avidin conjugated to FITC or rhodamine (Vector Laboratories, Burlingame, CA). For tissue sections, additional EBER signal amplification was accomplished by a repeat of the biotin anti-FITC antibody and FITC-avidin. Slides were stained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) and analyzed on a Zeiss LSM 510 UV META laser scanning confocal microscope. Appropriate controls were included with each batch performance of the protocol.
Fluorescent immunostaining for detection of LC in tissue sections. Formalinfixed tissue sections were placed on positively charged glass slides, deparaffinized with xylene, and rehydrated with decreasing concentrations of ethanol mixed with water. Antigen unmasking was accomplished by boiling the slides in 10 mM citric acid (pH 6.0) with 0.05% Tween 20 for 20 min. Tissue sections were permeabilized with Triton X-100, NP-40, proteinase K, and trypsin. Slides were blocked with 20% goat serum. LC were detected by using biotin-conjugated goat antibody against CD207/Langerin (Table 1, antibody 17) and binding to avidin conjugated to rhodamine (Vector Laboratories, Burlingame, CA). Signal amplification was accomplished with a biotin-conjugated goat anti-rhodamine antibody (Table 1 , antibody 16), followed again by rhodamine-avidin. Slides were stained with DAPI and analyzed on a Zeiss LSM 510 UV META laser scanning confocal microscope. Appropriate controls were included with each batch performance of the protocol.
RESULTS
Isolation and characterization of pre-LC from blood. Bloodborne CD1a
ϩ CD11c ϩ cells are direct precursors of LC, making up 0.1 to 0.5% of the total blood mononuclear cell population (14) . In this study, CD1a ϩ mononuclear cells were isolated from the blood of eight healthy subjects and six with AIDS to a mean purity of 99% (Table 5 ). The cumulative mean frequency of CD3 ϩ , CD19 ϩ , and CD14 ϩ staining of these purified cells was 0.7% (range, 0 to 2.5%), with a cumulative mean frequency for isotype control antibodies of 0.9% (range, 0 to 2.9%). These results demonstrate that CD1a ϩ cells were isolated to near absolute purity without significant contamination with T lymphocytes, B lymphocytes, or monocytes.
Consistent with the pre-LC phenotype, 97% (mean) of the CD1a ϩ cells coexpressed CD11c, while LC differentiation markers (E-cadherin, CCR6, CD207/Langerin) and the EBV receptor (CD21) were not significantly coexpressed (Table 5) . Cultured CD1a ϩ cells markedly up-regulated E-cadherin and CD207/Langerin expression (Table 6) , consistent with a previous report of culture-induced up-regulation of these LC differentiation markers in pre-LC (14) .
Cultured CD1a ϩ pre-LC evolved from individual round cells to small cell clusters with short dendritic projections and eventually to larger cluster formations with long dendritic projections that remained stable for more than 10 months (Fig. 1) . The cell clusters likely formed as a result of homotypic interaction of newly expressed E-cadherin (31) . Immunostaining confirmed CD1a and CD207/Langerin expression in these cell clusters (Fig. 1) . These culture-induced expression and morphological changes demonstrate that CD1a ϩ CD11c ϩ cells purified from blood are, in fact, pre-LC capable of completing their differentiation into an LC phenotype.
EBV infection in blood-borne pre-LC. To detect EBV infection in pre-LC, a PCR assay was developed to detect DNA of the gene for EBV BALF1 with a sensitivity of a single target copy (Fig. 2) . Similar to the approach used to determine the frequency of EBV infection in B lymphocytes in vivo (22) , this BALF1 PCR assay was applied to limiting dilutions of known numbers of purified CD1a ϩ cells from eight healthy subjects and six with AIDS to detect EBV genomes ( Fig. 2) and to estimate their frequency in the CD1a ϩ cell population. EBV genomes were detectable in the CD1a ϩ cells for 12 of the 14 subjects and in sufficient quantity to estimate their frequency for 7 of the 14 subjects (Table 7) . These seven subjects likely represent the higher end of the frequency range (highest frequency, 2,200 CD1a ϩ cells per EBV genome), whereas insufficient CD1a ϩ cells were available for those subjects in which EBV infection occurred at the lower end of the frequency range. To overcome this quantity limitation, pooled data from all 14 subjects were analyzed collectively to estimate a population mean frequency of 12,250 CD1a ϩ cells per EBV genome (Table 7) . There was no significant difference in the mean frequency of CD1a ϩ cells per EBV genome between healthy subjects and those with AIDS (Table 7) . Assuming latent EBV infection with approximately 10 EBV genomes per infected cell (22) , it is estimated that EBV infects approximately 1 cell in 10 5 CD1a ϩ cells in vivo. To identify the state of EBV infection in pre-LC, an M-RT- PCR assay was developed to simultaneously detect the transcription of seven different EBV genes in a single reaction (EBV M-RT-PCR) such that the EBV gene expression profile could differentiate among latent infection, nonproductive infection, and productive replication (47, 50) . This EBV M-RT-PCR assay was used to analyze purified CD1a ϩ cells from the blood of the eight healthy subjects and six with AIDS. Expression of EBER-1 was detected in newly isolated CD1a ϩ cells from 11 subjects and in cultured CD1a ϩ cells from 3 of 3 subjects (Fig. 3) . Expression of replication-associated BZLF1 was detected in newly isolated CD1a ϩ cells from one subject (Fig. 3) . BZLF1 expression was weakly detected in cultured CD1a ϩ cells from three of three subjects and strongly detected in chemically induced CD1a ϩ cells from three of three subjects (Fig. 3) . Expression of LMP-1, LMP-2A, EBNA-1-Fp/Qp, EBNA-1-Cp/Wp, and gp220 was not detected in the newly isolated or cultured CD1a ϩ cells from any subject. Two subjects showed weak expression of LMP-1 and EBNA-1-Fp/Qp after chemical induction. These results suggest that EBV infects blood-borne pre-LC as a latency type 0 infection (EBER only), consistent with latent EBV persistence in a nondividing cell. The inducible expression of BZLF1, LMP-1, and EBNA-1-Fp/Qp suggests a potential for EBV in pre-LC to enter a nonproductive infection state (47, 50) .
To confirm the presence of EBER expression in individual EBV-infected pre-LC, a highly sensitive FISH assay was developed that is capable of detecting even the lowest level of EBER transcription found in the Namalwa cell line (2, 38) (EBER-FISH; Fig. 4 ) and used to examine purified CD1a ϩ cells from the blood of multiple healthy subjects. In total, two unequivocally EBER-positive cells were identified (Fig. 4 ), each with low-level EBER expression similar to that in the Namalwa cell line. The rarity of these EBER-FISH-positive CD1a ϩ cells was consistent with the estimated 1-in-10 5 frequency of EBV pre-LC infection in vivo and confirmed the EBV M-RT-PCR EBER-1 expression results.
EBV infection in oral epithelial LC. If EBV latently infects blood-borne pre-LC that will eventually migrate into epithelia and differentiate into LC, then EBV-infected LC should be detectable in oral epithelium. To identify EBV infection in oral LC, an oral epithelial biopsy brush was used to collect cells from the normal oral epithelium of seven healthy subjects. This brush obtains cells down to the basal layer, minimizing cells from the submucosa (45) . LC were isolated from the oral cells by CD1a selection, enriching them to a mean purity of 93% as defined by coexpression of CD1a and CD207/Langerin. In newly isolated oral LC, patterns of EBV expression were identified by EBV M-RT-PCR in two subjects consistent with latent/nonproductive (EBER-1 ϩ LMP-1 ϩ BZLF1) and superimposed productive (EBNA-1-Fp/Qp ϩ EBNA-1-Cp/Wp) infections (Fig. 5) , as previously described for oral EBV infection (47, 50). Chemically induced oral LC up-regulated EBV
FIG. 1. Differentiation of blood-derived pre-LC into LC during prolonged culture. Examination by light microscopy revealed that most of the CD1a
ϩ pre-LC newly isolated from blood were small round cells (black arrows). After 3 days, the number of small round cells decreased and larger cell clusters with short dendrite-like projections (white arrow) appeared. By 6 weeks, most cell clusters elaborated a large spherical structure of interlocking dendritic projections surrounding the central core. These structures were stable for more than 10 months of culture and did not increase in number over time, suggesting a lack of cell division. Fluorescent immunostaining and imaging with a laser scanning confocal microscope demonstrated expression of both CD1a and CD207/Langerin in these cell clusters, confirming their differentiation into the LC phenotype. Staining with isotype control fluorescent antibodies was negative. DIC, Nomarski differential interference contrast.
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on October 15, 2017 by guest http://jvi.asm.org/ genes associated with oral productive EBV replication (BZLF1 ϩ EBNA-1-Cp/Wp ϩ gp220) (Fig. 5) (47, 48, 50) . These results suggest that EBV infects oral LC primarily as a latent/ nonproductive infection and that EBV in oral LC can reactivate to productive replication. To detect both latent and replicative EBV infections in oral epithelium tissues, a highly sensitive FISH assay was developed to simultaneously detect both EBER and BHLF1 transcription (EBER/BHLF1-FISH) (Fig. 6 ) and used to examine 248 tissue sections from 62 surgical biopsy specimens (29 oral hairy leukoplakia, 4 normal epithelium with EBV replication, and 29 normal epithelium without EBV replication) obtained from 28 HIV-positive subjects. Tissues harboring EBV replication hybridized with both EBER and BHLF1 (Fig. 6) .
Three examples of solitary intraepithelial cells unequivocally expressing only EBER were identified (Fig. 6) , consistent with latent EBV infection. The level of EBER expression in each cell was low, similar to that in the Namalwa cell line. One example of a solitary intraepithelial cell unequivocally expressing both EBER and BHLF1 was identified (Fig. 6) , consistent with EBV reactivation from latency in that cell. No EBVpositive cells were found in the submucosa of any tissue section, and transcription of CD19 and CD45 was not detected in the tissues with these four EBV-positive cells. All four EBVpositive cells localized to the basal or lower spinous layer of the epithelium, the same locations where LC reside (Fig. 7) . Attempts to combine the EBER/BHLF1-FISH and LC immunostaining assays were technically unsuccessful. Nevertheless, these data demonstrate the presence of rare individual cells in the lowest layers of oral epithelium that harbor latent EBV infection and support EBV reactivation.
DISCUSSION
The results of this study demonstrate EBV infection of blood-borne pre-LC and of oral epithelium cells likely to be LC. Approximately 1 in 10 5 pre-LC harbors latent EBV infection in vivo, a frequency similar to EBV infection of B lymphocytes in healthy individuals (6, 22) . Blood-borne CD1a ϩ
CD11c
ϩ cells were shown to be pre-LC by their ability to differentiate into the LC phenotype. Remarkably, the EBV gene expression patterns, from latency to nonproductive infection and then productive replication, escalated in parallel with progression of cell differentiation from blood-borne pre-LC into oral LC. The nonproductive EBV expression pattern dem- onstrated in the purified oral LC matched that originally described for EBV infection in normal oral epithelium without productive replication (47, 48, 50) .
Importantly, latent EBV infection and EBV reactivation were identified in rare individual cells in the lower layers of oral epithelium. These data confirm the suspected presence of a cellular reservoir of latent EBV infection in the oral epithelium that serves as a reactivation source for productive EBV replication (44, 47, 50) . Although multiple previous studies have failed to identify EBV in the lower layers of oral epithelium (21, 24, 25, 28, 32, 40, 48, (50) (51) (52) , the singular success of this study is likely a result of two important methodological advantages. First, the uniquely high sensitivity of the EBER/ BHLF1-FISH assay made it possible to detect the lowest levels of EBER expression. Second, examination of an unprecedented number of tissue sections, 248, greatly increased the odds of finding the rare (1 in 10 5 ) oral LC expected to harbor EBV infection.
Although the present data cannot prove that the four solitary EBV-positive cells identified in this study are LC, they are likely to be LC for the following reasons. EBV latently infects blood-borne pre-LC that are known to migrate to epithelia and differentiate into LC. The lower-layer epithelium locations of the four EBV-positive cells are consistent with the known localization of oral LC. The four EBV-positive cells are solitary, suggesting that they are nondividing cells, consistent with known LC biology. If EBV latently infected a basal epithelial stem or transit amplifying cell, the EBV would be passed to all progeny cells and EBER in situ hybridization would identify a cluster of EBV-positive cells instead. Finally, LC are the most abundant immune cells found in the oral epithelium. Based upon the absence of CD19 and CD45 expression in these tissues and upon current knowledge of EBV and epithelial biology, it is unlikely that a rare oral epithelium-resident B-lymphocyte, T-lymphocyte, melanocyte, or Merkel cell would be harboring the EBV identified in these four cells, but this possibility cannot be absolutely excluded by present data.
While the results of this study do not directly discredit any of the three previously proposed models, they are most consistent with a new model of EBV oral epithelial entry, persistence, and reactivation based upon EBV infection of blood-borne pre-LC (Fig. 8) . Although only 1% of pre-LC expressed the CD21 EBV receptor (Table 5 ), this frequency is 1,000-fold higher than the 1 in 10 5 pre-LC that apparently becomes infected with EBV in vivo. Given that productive EBV replication in bloodborne, EBV-infected B lymphocytes is rare (3, 6) , the source of the EBV that infects blood-borne pre-LC is uncertain. CD21 is expressed on upper spinous epithelial cells of nonkeratinized and parakeratinized oral epithelium but not on lower spinous or basal epithelial cells (5, 40) . EBV produced in a basal LC could access the CD21-positive epithelial cells if virions were released from dendritic projections extending into the upper spinous layer. Alternatively, EBV could infect epithelial cells through a CD21-independent mechanism, such as virion binding to cellular integrins (41) or direct cell-to-cell transfer (12) , with subsequent lateral spread of EBV infection to adjacent epithelial cells (41) . The resulting EBV replication in the upper spinous layer could then occur as either a localized focus in normal oral epithelium (8, 10, 48) or a wider band-like distribution in oral hairy leukoplakia (9) .
The results of this study are consonant with the hypothesis that productive EBV replication in oral epithelium is the major source of virus in oral secretions (15) . Although EBV replication has been detected in occasional tonsillar crypt B lymphocytes (1, 11, 26, 27) , it is uncertain if so few cells can account for the high levels of virus often detected in saliva (19, 42) . EBV transition into oral epithelium via pre-LC and subsequent replication at multiple oral epithelial foci would serve as a viral production amplifier, achieving greater quantities in saliva and more efficient transmission.
The results of this study are also consonant with the observed transition of multiple EBV strains from blood to oral epithelium (44) and the continuously evolving populations of multiple EBV strains seen in the oral secretions of healthy persons (34, 42) and mononucleosis patients (7, 35) and in oral Control cells and oral surgical biopsy tissue sections from HIV-positive subjects were examined by in situ hybridization for latency-associated EBER transcription and replication-associated BHLF1 transcription. Tissues were imaged by fluorescence laser scanning confocal microscopy. Tissue section panels are oriented with the mucosal surface to the top. DIC, Nomarski differential interference contrast. (A) EBV-positive B958 lymphoblastoid cells express high levels of EBER in most cells, and nuclear saturation of fluorescence was consistently detected. Approximately 1 to 5% of B958 cells also express replicative genes, including the early replicative gene BHLF1. Two different patterns of nuclear fluorescence were seen with BHLF1 expression, diffuse and punctate. (B) EBV-positive Namalwa Burkitt's lymphoma cells express much lower levels of EBER (at least 100-fold lower than B958 cells). Variable levels of nuclear EBER expression were easily detected in most Namalwa cells, but BHLF1 expression was not detected in these cells, which harbor only latent EBV infection. (C) EBV-negative RHEK-1 epithelial cells did not hybridize to either EBER or BHLF1. (D) Hybridization with both the EBER and BHLF1 probes was seen in a band-like pattern in the upper spinous layer of oral hairy leukoplakia, consistent with the known localization of productive EBV replication in the oral epithelium. (E, F, G, and H) Nuclear EBER probe hybridization was always associated with nuclear cohybridization of the BHLF1 probe in the upper spinous layer of oral hairy leukoplakia. Nuclear chromatin margination was present, and the most intense EBER probe hybridization strongly colocalized with the BHLF1 probe in the punctate hybridization pattern. This phenomenon of EBER probe hybridization in the upper spinous layer of oral hairy leukoplakia does not represent latent EBV infection but instead is consistent with EBER probe cross-hybridization to EBER gene sequences present in single-stranded EBV DNA synthesized in the nuclei of these cells during productive EBV replication, as previously described for EBER in situ hybridization in oral hairy leukoplakia (28) . In the cells with the strongest nuclear EBER hybridization, additional weaker EBER hybridization was often seen in the cytoplasm and likely represents EBER probe cross-hybridization to EBER gene sequences present in artifactually denatured double-stranded EBV DNA in maturing virions being prepared for release from the cells. Furthermore, the cells immediately below and immediately above the EBER-BHLF1 cohybridizing cells often showed nuclear hybridization with only the BHLF1 probe. This result is consistent with early gene expression both preceding and persisting after viral DNA synthesis in the differentiationdependent cascade of replicative EBV gene expression in oral epithelium, as previously described in oral hairy leukoplakia (40, 52) . (I, J, and K) Three tissue sections (panel I, normal tongue epithelium without EBV replication; panels J and K, tongue epithelium with oral hairy leukoplakia) each demonstrated a solitary EBER-expressing cell located in or immediately above the basal layer. The locations of the epithelial basement membrane and basal layer are illustrated by the white lines and circles. The tissue section in panel K represents a cut through the mucosal rete ridges (white circles) in a plane that is perpendicular to the plane represented by the tissue sections in panels I and J. In all three cases, the EBER probe localization was confirmed to be intranuclear in a single cell by computer-generated three-dimensional reconstruction of the cell with a sequential series of 0.6-m-deep confocal microscopy images. This expression of EBER in the absence of BHLF1 indicates the presence of latent EBV infection in each of these three solitary cells, similar to that demonstrated in the Namalwa cell line (panel B). (L) A tissue section of tongue epithelium with oral hairy leukoplakia demonstrated a solitary EBER-and BHLF1-coexpressing cell in the basal or lower spinous epithelial layer. The location of the epithelial basement membrane is not evident in this photomicrograph, but the cell appears to be located at the top of a rete ridge and was distinctly distant from the EBV replication in the upper spinous epithelial layer. The punctate nuclear colocalization of BHLF1 with the more diffuse EBER and the absence of EBER in the cell cytoplasm together suggest that this cell represents EBV reactivation of early replicative gene expression in a previously latently infected cell, similar to that demonstrated in the B958 cell line (panel A).
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on October 15, 2017 by guest hairy leukoplakia tissues (43, 44, 47) . Given that pre-LC appear to be inhibited from entering the oral hairy leukoplakia lesion (46) , the EBV-positive cells found in the lower layers of oral hairy leukoplakia tissue (Fig. 6J to L) likely entered prior to development of the lesion. Thus, EBV reactivation in oral LC could not only give rise to new epithelial EBV replication but also potentially contribute new EBV strains to preexisting epithelial EBV replication (Fig. 6L) . Interestingly, the frequency of pre-LC EBV infection did not significantly differ between healthy subjects and those with AIDS (Table 7) , despite a large difference in oral hairy leukoplakia prevalence between healthy and immunocom- FIG. 7 . CD207/Langerin immunostaining of LC in oral epithelial tissue. Oral surgical biopsy tissue sections of normal tongue epithelium were immunostained for CD207/Langerin. Tissues were imaged by fluorescent laser scanning confocal microscopy. Tissue section panels are oriented with the mucosal surface to the top. DIC, Nomarski differential interference contrast. LC were identified in the basal layer and the immediate suprabasal region of the lower spinous layer of the oral epithelium. The location of the epithelial basement membrane and basal layer is illustrated by the white lines. These results demonstrate that oral LC localize to the same lower epithelial layers as the solitary EBV-positive cells identified in Fig. 6 , suggesting a possible LC identity for these EBV-positive cells.
FIG. 8. Proposed model of EBV oral epithelial entry, persistence, and reactivation. EBV latently infects pre-LC in the blood. The pre-LC migrate from the blood, through the submucosa, and into the oral epithelium, transporting latent EBV infection. In the epithelium, the pre-LC differentiate into LC that reside in the lower epithelial layers and extend dendrites into the upper spinous layer. EBV may persist in LC as a latent infection or may reactivate in LC to productive replication. Infection of adjacent epithelial cells results in productive EBV replication in the upper spinous layer, sometimes causing the pathological changes of oral hairy leukoplakia and ultimately releasing infectious virions into the oral cavity.
promised persons (9, 17, 20) . This result suggests that the conversion of a focus of EBV replication in normal oral epithelium into an oral hairy leukoplakia lesion depends more upon local epithelial immune deficiencies (18) , EBV mechanisms of immune evasion (46) , and specific EBV gene expression patterns (48, 50) than upon the frequency with which one or more EBV strains enter and reactivate within the oral epithelium (44, 47) .
Finally, the results of this study have implications for understanding the pathogenesis of other EBV-associated epithelial diseases. EBV-infected pre-LC likely migrate to all types of epithelial tissues with equal affinity, but the probability of EBV reactivation in an epithelial LC and the outcome of subsequent EBV infection of an epithelial cell may be determined by the local environment unique to each type of epithelium. It makes biological sense that EBV is produced and shed from those mucosal epithelial surfaces with the greatest potential for transmission of EBV to new hosts, such as oropharyngeal (19, 42) , genital (13, 36) , and lactating mammary (16) epithelia. Other types of mucosal epithelia may be less permissive of EBV replication and more susceptible to latent transforming EBV infection, such as nasopharyngeal (29) and gastric (39) epithelia. The rarity of finding EBV directly in cutaneous epithelial disease (49) suggests that epidermal cells may be resistant to both latent and productive EBV infections.
